The fusion reaction of halo nuclei on heavy target is investigated in a three-body reaction model. A time-dependent wave-packet method is employed to solve the three-body Schrödinger equation. We find that the fusion probability is enhanced by the presence of the halo nucleon for proton halo nuclei, contrary to the neutron halo case for which we previously reported that the halo neutron suppresses the fusion. The reason of the opposite effect between proton and neutron halos is discussed. §1. Introduction
§1. Introduction
Since the discovery of halo structure in the secondary beam experiments of neutron rich unstable nuclei, much effort has been devoted to develop reaction theories appropriate for halo nuclei and to elucidate their reaction mechanisms. 1) At medium and high incident energies, the eikonal theory has been successful to describe the reaction. 2), 3) On the other hand, at low incident energies, neither basic picture of the reaction nor the appropriate reaction theory has been established so far. 4)- 6) Halo nuclei consist of the core nucleus and a few halo nucleons, which are bound weakly in the projectile. The success of the eikonal theory to describe the reactions of halo nuclei owes principally to the fact that the following independent scattering picture applies to them: The core and the halo nucleons are scattered by the target nucleus independently, while the interaction among the core and the halo nucleons in the projectile may be ignored during the reaction. As will be discussed later, this independent scattering picture applies also to the reactions at low incident energies.
To elucidate reaction mechanism of the halo nuclei at low incident energies, we have been developing a time-dependent wave-packet approach in the three-body reaction model. 4), 7) In our previous analyses, 4) we have shown that the fusion probability is suppressed by the presence of the halo neutron for the case of the neutron halo nuclei. In the present report, we will present our extended analyses for the proton halo cases. We will show that the fusion probability is enhanced by the presence of the halo nucleon for the case of proton halo nuclei, contrary to the neutron halo cases. We will then discuss the reason for this opposite effect of the halo nucleon on the fusion probability, and try to establish a unified picture for the reaction mechanism of halo nuclei at low incident energies. We first explain the time-dependent wave-packet method to calculate the fusion probability. 7) We demonstrate the usefulness and the accuracy of the method by showing calculations of a simple potential scattering problem. A spherical complex potential is used. The real part consists of the Coulomb repulsion and short-range nuclear attraction. The imaginary part absorbs the flux inside the Coulomb barrier and the loss of the flux describes the fusion process. The complex potential model is often employed to analyze measured fusion cross sections.
The standard procedure for the above static problem is to solve the radial Schrödinger equation with appropriate boundary conditions. There are several advantages to solve this static problem with the time-dependent method, which include: (i) The wave packet dynamics provides us with an intuitive picture of the reaction.
(ii) We can extract scattering information for a wide energy range from a single time-dependent solution. (iii) It is not necessary to prepare asymptotic solutions with appropriate scattering boundary conditions to calculate reaction probabilities. These features are especially beneficial for three-body scattering problems.
We take a potential whose parameters simulate 10 Be -208 Pb reaction. The nuclear potential is chosen to be the Woods-Saxon shape whose parameters are r R = A wave packet solution is a superposition of static solutions with a certain energy range. We next extract the scattering information for a fixed incident energy from the wave packet solution. For this purpose, we achieve the energy projection and calculate the energy distributions for the initial and final wave packets. Denoting the initial wave packet at t = t i as ψ(t i ), we define the energy distribution function W i (E) as follows:
In practice, we calculate this function by another time evolution calculation, making Fourier transformation of the delta function δ(E − H). We also calculate the energy distribution function at the final stage which we denote as W f (E). The difference,
, represents the loss of the flux absorbed by the imaginary potential. The fusion probability is obtainable as a ratio of this lost distribution to the initial distribution,
In the top-right panel of Fig. 1 , we show the initial and final energy distributions. The calculated fusion probability P f usion (E) is shown in the bottom-right panel. We also plot by open circles the fusion probabilities computed by solving the radial Schrödinger equation in the ordinary method. The comparison clearly shows that the fusion probability calculated with the two methods coincides accurately to each other. We note again that the above time-dependent procedure does not require any knowledge about the scattering boundary condition that the radial wave function should satisfy. §3. Fusion Reaction: Proton Halo versus Neutron Halo
We describe the reactions of halo nuclei in a three-body model consisting of a halo nucleon (n) and a core nucleus (C), which constitute the projectile (P), and a target nucleus (T). We achieve the calculation with mass and charge parameters which simulate 11 Be-208 Pb reaction. Although actual 11 Be nucleus is known as a neutron halo nucleus, we calculate two cases, one of which assumes that the halo nucleon is a neutron and the other assumes that is a proton. A comparison between the neutron and proton halo cases is expected to provide useful information to understand the reaction mechanisms. For the proton halo case, therefore, we assume an artificial p + 10 Li structure for 11 Be.
The time-dependent Schrödinger equation of the three-body scattering is given as
1) where we denote the relative n-C coordinate as r and the relative P-T coordinate as R. The reduced masses of n-C and P-T motions are m and µ, respectively. The n-C potential, V nC (r), is the real potential with the Woods-Saxon shape for the nuclear part. For proton halo case, the Coulomb potential of a uniformly charged sphere is added. The Woods-Saxon parameters are r nC = 1.3 fm and a nC = 0.7 fm. The depth of the V nC is so chosen to set the orbital energy equal to −0.6 MeV. For nuclear part of V CT (R CT ), the same parameters as employed in the previous section for 10 Be -208 Pb is used. The n-T potential, V nT (r nT ), is taken to be real. For simplicity, we ignore the nuclear part of the n-T potential below. For proton halo case, the Coulomb potential of a uniformly charged sphere is used. We find that the effect of the nuclear n-T potential is not significant for the fusion probability.
We define the fusion of this three-body system as those components in which the core and the target nuclei fuse, irrespective of the final destination of the halo nucleon. In the above Hamiltonian, the fusion of the core and the target nuclei is described by the loss of the flux induced by the imaginary part of the C-T potential. Since the imaginary part is included only in the C-T potential in the three-body Hamiltonian, the fusion probability can be calculated by the procedure similar to that explained in the previous section for the potential scattering problem.
In the practical calculations, a partial wave expansion is achieved. Since we are interested in the fusion reaction in which the low relative angular momentum states of P-T motion contribute dominantly, we only investigate the cases in which the incident channel is described as follows: The halo nucleon occupies the s-orbital in the projectile, and the incident angular momentum of the P-T relative motion is equal to zero. Therefore, the total angular momentum J of the system is restricted to be zero. For this case, the partial wave expansion of the wave function is described as
where l is the angular momentum conjugate to the relative angle θ between two vectors R and r. The initial wave packet at time t i is prepared in the l = 0 component. For P-T relative motion, we employ the same Gaussian wave packet that we used in the previous section. Denoting radial wave function of n-C motion in the projectile as w nC (r), the initial wave packet is given by
We set R 0 = 25 fm and γ = 0.05 fm −2 . To calculate time evolution of the radial wave function, we discretize the radial variables R and r. We treat the radial region 0 < R < 50 fm and 0 < r < 60 fm with radial steps ∆R = 0.5 fm and ∆r = 1 fm, respectively. The discrete variables representation is used for the second-order differential operator. 8) The l max is chosen to be 4 in the present calculation. Much larger l max is required to obtain convergent results when the nuclear n-T potential is included. 4) The time evolution of the wave packet is achieved by the 4-th order Taylor expansion method. The time evolution is achieved until the wave packet consists only of the outgoing waves. In practice, we continue the time evolution until the expectation value of the P-T distance reaches 20 fm.
We show in Fig. 2 the typical time evolution of the wave packet solution. To visualize the dynamics of halo nucleon during the reaction, we show the density distribution of the wave packet integrated over the P-T distance,
We show the density ρ n (r, θ) in the two-dimensional plane with x = r cos θ and y = r sin θ. In this plot, the origin is the center-of-mass of the projectile, composed of the core and the halo nucleon. The positive x-direction (right direction in the figure) indicates that r is parallel to R. In Fig. 2 , the upper five panels show the time evolution of the neutron halo case, while the lower five panels show the time evolution of the proton halo case. The densities are shown at five different time, from the left to the right. The panel at the left end shows the initial distribution. Since we assume the s-orbital in the projectile, the density ρ n (r, θ, t) is initially spherical. The upper density plots of the neutron halo case show a flow of the neutron to the positive x direction. This means that the halo neutron proceeds to the forward (incident) direction. On the other hand, the lower density plots of the proton halo case show a flow of the proton 2-body neutron halo proton halo Fig. 3 . Fusion probability as a function of the projectile-target relative incident energy for the neutron and proton halo nuclei. The '2-body' indicates the fusion probability between the core and the target nuclei.
to the negative x direction. This indicates that the halo proton is scattered to the backward direction. These behaviors may be understood as the Coulomb breakup processes. We first consider the neutron halo case. At low incident energy, the core nucleus is scattered to the backward direction by the Coulomb repulsion between the core and the target nuclei. On the other hand, the halo neutron is scattered only by the attractive n-T interaction. Therefore, the halo neutron is dissociated from the projectile by the C-T Coulomb field and proceeds to the forward direction.
Conversely, in the case of the proton halo projectile, the halo proton is scattered to the backward direction by the target Coulomb field, as well as the core nucleus. Since the charge-mass ratio of the proton is larger than that of the core nucleus, the acceleration of the proton is stronger than that of the core. Therefore, in the centerof-mass frame of the projectile, the proton is scattered to the backward direction.
From these wave packet solutions, we calculate the fusion probability. We can calculate fusion probabilities for wide incident energy region from single wave packet solution, as explained in Sec. 2. The results are shown in Fig. 3 . The fusion probabilities of neutron and proton halo nuclei are shown as a function of the incident energy. The fusion probability without a halo nucleon, namely the fusion probability of the core and the target nuclei, is also shown for comparison. As we reported previously, the fusion probability of the neutron halo nucleus is suppressed by the presence of the halo neutron. In the present calculation, on the other hand, we find that the fusion probability is enhanced for the proton halo nucleus.
The opposite behavior of the fusion probabilities between neutron and proton halo projectiles can be understood from the halo nucleon dynamics as seen in Fig. 2 . For neutron halo nuclei, we proposed the following mechanism that explains the suppression of the fusion. The basic picture is the significant role of the Coulomb breakup of the projectile induced by an independent scattering of the halo neutron and the core nucleus by the target. The core nucleus is scattered to the backward direction by the target Coulomb field, while the halo neutron is not. This causes the Coulomb breakup, as seen in Fig. 2 . Since the incident energy is shared between the core nucleus and the halo neutron, the energy of the core nucleus is smaller than that of the projectile. This makes the barrier penetration probability low and the fusion probability of the halo nucleus smaller than that of the core nucleus at the same incident energy. For the proton halo case, on the other hand, the halo proton is scattered to the backward direction as well as the core nucleus. The different charge-mass ratio causes the backward scattering of the halo proton in the centerof-mass frame of the projectile, which was seen in Fig. 2 . The charge number of the core nucleus is smaller than that of the projectile after the breakup. Therefore, the Coulomb barrier height becomes lower between the core and the target nuclei, and the fusion probability is enhanced for the proton halo case.
We thus conclude that the low energy reactions of halo nuclei may be characterized by the Coulomb breakup processes induced by independent scatterings of the core and halo nucleon by the target. Different charge of the halo nucleon induces significant difference in the fusion probabilities between the neutron and the proton halo cases. §4. Summary
We study low energy reactions of halo nuclei in a three-body model. The fusion probability is investigated for the proton halo nuclei as well as the neutron halo nuclei. In contrast to the neutron halo case for which we showed suppression of the fusion probability, we have found that the fusion probability is enhanced for the proton halo case as the binding energy decreases in the projectile. We then discussed the origin of the opposite effect of halo nucleon. We propose that the Coulomb breakup induced by the independent scatterings of the core and halo nucleon may explain our observation in the calculations. For the neutron halo case, the breakup of the halo neutron makes the effective incident energy of the core nucleus low which hinders the fusion probability. On the other hand, the breakup of the halo proton decreases the charge number of the core nucleus. This makes the Coulomb barrier height low and enhances the fusion probability.
